Due to increased interest in the use of excreted sweat for biomarker discovery, data must be generated supporting sample collection and handling methods to allow for controlled, large-scale biomarker discovery studies to be performed. In this manuscript, twelve amino acids were quantitated from exercise-induced excreted sweat held at room temperature or a simulated body temperature of 37°C for up to 90 min. The data illustrate a large dynamic range exists among amino acids in sweat. Additionally, the amino acid quantities vary across individuals and among the same individual under different storage conditions, with alanine, arginine, and threonine showing a significant statistical difference between sampling events (p < 0.05). Furthermore, the results establish amino acids are relatively invariant, at both storage temperatures tested, for up to 90 min illustrated by < 10% (15/156) of the amino acids measurements demonstrating change greater than 10% from the time zero value. An untargeted metabolomics approach was also applied to the data set to evaluate global changes to the metabolome. The results show more than 88% of all data points fall within the established limits, regardless of temperature condition and ionization mode. Collectively, this study demonstrates that sweat is largely invariant at two distinct temperatures for up to 90 min. These results establish sweat collection and sample handling is possible for up to 90 min with minimal changes in metabolite abundances.
Introduction
Metabolomic biomarker discovery efforts have been dominated by blood-based sources, plasma and serum, to characterize a host of variables from cancer to performance [1] [2] [3] [4] . However, as the general population becomes increasingly interested in real-time continuous personal heath monitoring, blood is not an ideal biosource to fit this need. Therefore, investigations of novel, non-invasive methods must be evaluated for excreted biological materials to accommodate this demand. However, sources of biomaterial that will allow for real-time continuous personal monitoring are few, such as sweat, exhaled breath, exhaled breath condensate, saliva, and urine. Of these biomaterials, sweat is the least problematic for on-demand sampling, analytical capabilities, and ultimately real-time sensing feasibility due to improved availability and continuous collection potential. As a result, sweat has been thrust into the research spotlight as a potential source of real-time personal biomonitoring.
Historically, sweat represents a minimally explored medium, relative to other biosources such as serum, for metabolomic biomarker discovery. Previous sweat metabolomic studies have evaluated the sweat metabolome by both NMR and mass spectrometry-based methodologies which established amino acids as the most commonly identified compounds in this medium [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Beyond identification alone, several sweat metabolomic biomarker discovery studies have also been performed across a wide array of diseases and conditions [7, 8, 11, 16] . For instance, Macedon et al. showed differences in the untargeted sweat metabolome between infants affected by cystic fibrosis and those unaffected [7] . Furthermore, del Mar Delgado-Povedano et al. discerned specific sweat metabolite abundances between lung cancer patients and risk factor controls [8] . While these studies have provided the foundation for future sweat biomarker discovery, true biomarker discovery can only be accomplished if the factors influencing sample collection, sample handling, and data normalization are rigorously investigated.
Although blood analytes, such as lactate, have been linked to performance metrics, linking sweat analytes to human performance is in its infancy [1, 2] . Due to the relative novelty, researchers have utilized a large heterogeneous number of sampling approaches and collection durations. For example, literature suggests sampling of sweat from individuals for 10 min to 211 min. However, it is unclear if metabolomic reactivity occurs over the duration of the collection time. To address this gap, sweat metabolomic stability was evaluated at simulated body temperature (37°C) and room temperature (24.7°C) using both targeted and untargeted metabolomic approaches. The results establish sweat is invariant for up to 90 min at either temperature for greater than 88% of the data points measured. This manuscript provides data in support of extended sampling protocols without impact to the sweat metabolome.
Experimental

Human participant information
All participants were male active duty military volunteers (n = 4) stationed at Wright-Patterson Air Force Base. Prior to initiation of the study, written permission was obtained from the Wright-Patterson AFB Institutional Review Board (IRB# FWR20150032H). Additionally, all participants were informed of the protocol and provided written informed consent.
Sweat induction protocol
Participants taking part in an unrelated exercise and nutrition intervention experiment were recruited for this study. In that experiment, a series of metabolic resistance circuits and cardiovascular exercise routines were prescribed (Monday through Friday) over a 12-week training intervention. For this study, researchers sampled sweat during two cardiovascular training routines within that larger study that had identical heart rate zone prescriptions. This allowed for the dual focus of examining room temperature (RT) stability (Training Session #1) and 37°C stability (Training Session #2).
For these routines, subjects freely selected an exercise modality (i.e., stationary bike, treadmill, or elliptical) and then performed a bout of continuous cardiovascular exercise with intensity modulated by prescribed changes in percent (%) max heart rate (HR). Maximum HR was determined prior to the training intervention using a VO2 max running test using a Parvo Medics TrueOne 2400 metabolic cart (Polar Electro, Kempele, Finland, Parvo Medics, Sandy, UT, USA). Heart rate zones were warm up/cool down: 60-69% of max HR, easy: 70-79% of max HR, moderate: 80-89% of max HR, and hard: 90+% of max HR. A summary of the 20-minute exercise protocol, heart rate zones, and each participant's VO2 max test results are provided in Supplemental Data 1.
Sweat collection & sample preparation
Prior to initiation of the exercise protocol, participant's forearms were prepared for sweat collection by wiping both inner forearms with sealed isopropyl alcohol wipes (one per arm, BD Biosciences, San Jose, CA, USA) followed by thoroughly rinsing 5-10 s with tap water. A modified version of a sweat patch initially described by Brisson et al., was placed on the center (wrist to elbow) of the each participant's airdried forearms [17] . Briefly, the patch consisted of four pieces of heatfused 100 μm nylon mesh ( Following exercise, free sweat within the patch was removed by aspiration via 5 mL syringe affixed with a blunt tipped needle (Hamilton, Reno, NV, USA). The aspirated sweat from each arm was placed in the top of separate Ultrafree-CL 0.1 μm PVDF membrane centrifugal filters (Millipore, Burlington, MA, USA). The nylon mesh within the patch was removed with forceps and added to the top of the membrane filters. One filter was used per arm sampled. Filters were centrifuged individually at 3000 ×g for 10 min at 4°C. The filtrates from each arm per subject were combined, briefly vortexed, and aliquoted into five 250 μL aliquots (except for Subject #5 of Training Session #2), where only two aliquots were obtained. These aliquots were assigned times 0 and 90.
A single aliquot was placed into liquid nitrogen (time zero), while the remaining aliquots were allowed to stand in closed LoBind Eppendorf tubes at room temperature (RT, 24.7°C, Training Session #1) to mimic degradation attributed to sample handling, i.e. a sweat sample left on a lab bench, or 37°C (Training Session #2) to mimic skin temperature found during sample collection, for 30, 60, or 90 min prior to liquid nitrogen submersion to determine if storage time had an effect on metabolite stability. The 30, 60, and 90-minute time points were selected to simulate short, mid-range and long exercise protocols. A diagram of the experimental design and a plot of the room temperature for Training Session #1 are provided in Supplemental Data 2. All aliquots were removed from liquid nitrogen, lyophilized (Labconco, Kansas City, MO, USA) overnight to dryness to allow for buffer exchange, and stored at −80°C until analysis.
Lyophilized sweat samples (n = 16 for RT, n = 14 for 37°C) were reconstituted in 250 μL of sample buffer which consisted of 50% acetonitrile aq. supplemented with 25 μmol isotopically-labeled Metabolomics Amino Acid Mix Standard (Optima® MS Grade, Fisher Scientific, Waltham, MA, USA, C 13 /N 15 , Cambridge Isotope Laboratories, Tewksbury, MA, USA). A pooled sample was generated by mixing 25 μL of each sample in a LoBind Eppendorf tube. Samples were put into vials and immediately run, in a randomized order, with blanks between each sample injection. Additionally, a pooled sample was run prior to and after sample injections with additional injections every 10 sample injections throughout the run. Two collection blank samples were created by pipetting 1 mL of distilled water onto both the nylon mesh with the polyethylene film and Ultrafree-CL PVDF membrane centrifugal filter. All collection blank samples were left at room temperature for 20 min and centrifuged at 3000 ×g for 10 min at 4°C as described previously for sweat collection. 250 μL of the collection blank filtrates were placed into LoBind Eppendorf tubes, frozen in liquid nitrogen, and lyophilized to dryness. Collection blank samples were reconstituted in 250 μL of sample buffer, 50% acetonitrile (aq), and immediately run. The chromatograms of the blank sample injections are found in Supplemental Data 3.
Metabolomic hydrophilic interaction liquid chromatography-mass spectrometry (HILIC-MS) analysis
The polar metabolites were separated on a Thermo Scientific Vanquish UPLC at 500 μL min −1 using 0.01 M ammonium formate in 4.5% acetonitrile (aq) at pH 3.0 for mobile phase A and 0.01 M ammonium formate in 95% acetonitrile (aq) at pH 3.0 as mobile phase B (≥99.0%, Sigma-Aldrich, St. Louis, MO, USA). A gradient of 97% B for 0-3 min, 65% B from 3 to 9 min, 50% B from 9 to 9.5 min, hold at 50% B for 1 min, return to 97% B over 1 min and held at 97% B for 10 min was used to separate the samples on a Phenomenex Luna® HILIC 3 μm, 200 Å, 100 × 3 mm column held at 40°C (Torrance, CA, USA). 2 μL injections were introduced into a Thermo Scientific Q Exactive HF mass spectrometer affixed with a heated electrospray ionization source setup for polarity switching. For both positive and negative mode, the source was operated at 4.0 kV, sheath gas 25, aux gas 10, and a capillary temperature of 300°C. Scans were made at 15,000 resolution across 75-300 m/z in positive mode and 113-300 m/z in negative mode.
Amino acid calibration curve and quantitation
Duplicate calibration curves were generated for each training session analysis utilizing the Thermo Fisher Amino Acid Standard H mix containing 18 amino acids. Briefly, 0 μM, 10 μM, 20 μM, 40 μM, 100 μM, 200 μM, and 500 μM of each PHE, LEU/ILE, PRO, MET, VAL, TYR, THR, ALA, GLU, ASP, ARG, & LYS from Amino Acid Standard H were diluted in sample buffer. Each amino acid calibration curve was analyzed prior to and following sample acquisition. Additionally, a 40 μM amino acid standard was analyzed following each pooled sample as described above.
The determination of MS 1 ion peak areas for the amino acid calibration and quantitation were performed in the Tracefinder EFS software suite (v. 3.2, Thermo Scientific). Calibration curves were generated for 12 amino acids by plotting the C 13 /N 15 normalized amino acid peak areas (y-axis) by the theoretical concentration (10 μM-500 μM, xaxis). The retention times, quantitative ions, calibration curve results summary, and a pooled/40 μM standard sample results summary are provided in Supplemental Data 4 & 5. Unknown amino acid concentrations from sweat samples were determined by calculating the C 13 /N 15 normalized amino acid peak areas from sweat samples and comparing them to the individual amino acid calibration curves. All statistical analyses on quantitated amino acid results were performed in the Prism GraphPad software suite (v.8.0.0, LaJolla, CA, USA).
Untargeted metabolomic data processing and statistical analysis
Individual positive and negative mzXML files were extracted from the original raw data files using the MSConvert command line tool as part of the ProteoWizard software package (v. 2. amino acids added as part of the sample buffer. The final data set was a result of retaining features with a ≤10.0% RSD of the repeated pooled sample injections (n = 4). The filter parameters yielded 52 positive and 28 negative features from the room temperature data set and 38 positive and 32 negative features from the 37°C data set. The filter criteria were selected and applied to remove features corresponding to background noise, added standards, and those with large instrumental drift over the analysis. Resulting feature abundances were normalized to the time zero sample abundance for each participant and feature and then log 2 transformed. Time zero normalization was performed to determine the log 2 fold change in metabolite abundance from time zero which was considered the best-case collection scenario. Transformed data was plotted and analyzed using the Prism GraphPad software (LaJolla, CA, USA). The features removed from the data set corresponding to the C 13 / N 15 labeled amino acids were plotted separately to determine their variances (Supplemental Data 7). As these compounds were internal standards spiked into each sample, the abundances of the C 13 /N 15 labeled amino acids should be invariant across each sample and represent the variability in each injection. The two and three standard deviations of the C 13 /N 15 labeled amino acids were calculated and applied to the overall features list to establish limits for stability over time. 7°C) . The data show a large dynamic range among amino acid concentrations from excreted sweat, independent of storage temperature. Additionally, large variability among individual participants and within participants was also observed. Bars indicate the mean and 95% confidence interval. A paired Student's t-test was used to determine significance across storage temperatures. * indicates values are estimated due to data falling below the lower calibration point.
Results
Sweat stability: amino acid quantitation
As previous untargeted metabolomic studies have established amino acids as the primary metabolites identified in excreted sweat, these compounds represent a significant group of compounds for potential biomarker discovery efforts from this medium [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . As such, accurately determining the concentration of amino acids and changes resulting from sample collection length (simulated body temperature of 37°C) and sample handling (room temperature 24.7°C) is of utmost importance. To address this gap, multiple amino acids (12) were quantified from excreted sweat allowed to stand at 37°C or room temperature for up to 90 min to establish the stability of this routinely found group of compounds. A scatter plot of all of the quantified values illustrates a large dynamic range in concentration of amino acids is observed in excreted sweat independent of storage condition (Fig. 1) . For example, the amino acid alanine is the most abundant amino acid with overall values ranging from 99 μM to 355 μM while a majority of the remaining amino acids are below 100 μM concentration at either storage condition. Additionally, these data show a substantial difference among participants' amino acid concentrations (Fig. 1) . For instance, participant #4 had increased threonine (145 μM to 151 μM) at 37°C storage while participant #6 produced lower concentrations of threonine (76 μM to 79 μM) at the same storage temperature. The data show a significant difference in sweat alanine, arginine, and threonine amounts, based on storage condition, within specific individuals (paired t-test, p < 0.05, Fig. 1) . Collectively, the results illustrate the differences in concentrations attributed to not only the analyte in excreted sweat but also the individual participant from whom the sweat was collected.
As exercise-induced sweat collection requires lengthy periods of time, often from 15 to 90 min, sweat has the potential to react at the sampling location (37°C) or during sample handling (RT, 24.7°C). These environmental conditions were simulated on the bench following each training session, to determine the changes of amino acid concentrations due to temperature for up to 90 min. As immediate harvesting and flash freezing of sweat was considered the best-case scenario for minimal reactivity, all quantified amino acid values were normalized to the time zero concentration. Fig. 2A & B show the amino acids in sweat are extremely stable with 90.4% (15/156) of the time 0 normalized values within 10% of the time zero amount at either storage condition. Furthermore, 9 of the 15 measurements that did not fall within 10% of the time zero amount can be attributed to Participant #5's Δ90 minute samples. It is hypothesized that this sample may have had a slight sample handling error or a small injection volume error. Regardless of this potential error, these data illustrate the measured amino acids are stable under simulated collection and lengthy sample handling conditions for up to 90 min. While the experiment was performed on a benchtop and skin was not a factor, the results support sampling strategies that extend up to 90 min with minimal impact to the amino acid content. Fig. 2A & B suggest amino acids are stable in excreted sweat at 37°C and RT (24.7°C) for up to 90 min. However, amino acids are only a portion of the metabolites identified from sweat potentially affected by the simulated conditions [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . To identify global metabolite changes of excreted sweat under the simulated conditions, the dataset was further processed for an untargeted metabolomics approach in both positive and negative ionization modes. Fig. 3 shows the time zero log 2 fold change of filtered features in positive mode (Fig. 3A) and negative mode (Fig. 3B) for samples placed at elevated temperature (37°C). Due to sample volume constraints with Participant #5, n = 3 was obtained for the 30 and 60 min time points and n = 4 for the 90 min time point. The data illustrate a small number of features have a time zero log 2 fold change outside 3 standard deviations of C 13 /N 15 labeled standards when stored at 37°C for up to 90 min. For example, of the 380 total data points in positive mode, 97.9% (372/380) of the points fall within three standard deviations of the features corresponding to the C 13 /N 15 labeled standard and 97.6% (371/380) fall within two standard deviations (Fig. 3A) . As the C 13 /N 15 labeled standard was spiked into each sample for the amino acid quantitation, the variability of these features should be representative of the analysis and were used to establish limits for the unknown features (Supplemental Data 7). Similar to the positive mode data, 98.4% (315/320) of the data points are within three standard deviations and 97.2% (311/320) are within two standard deviations of the C 13 /N 15 labeled standards when acquired in negative ionization mode (Fig. 3B) . Overall, the data points in either ionization mode that do not meet two or three standard deviations of C 13 /N 15 labeled standard criterion are representative of seven individual features, suggesting 90.0% (63/70) of features are stable over the entire 90-minute experiment at 37°C. These results illustrate sweat metabolite stability for up to 90 min at simulated body temperatures, further supporting sweat sampling strategies that require lengthy collection durations, up to 90 min. To estimate the impact of sample handling, a global metabolomics approach was applied to the dataset stored at room temperature (24.7°C). Fig. 4 shows a plot of the filtered time zero log 2 fold change of These results represent 13 individual features suggesting 75% of features (39/52) do not largely deviate when stored up to 90 min at room temperature in positive ionization mode (Fig. 4A ). Of these data, 8 data points that do not fall within two standard deviations of the C 13 /N 15 labeled standard and 6 data points that do not fall within three standard deviations of the C 13 /N 15 labeled standard criteria can be attributed to our sample preparation technique, suggesting sweat feature stability may ultimately be greater than 96.8% of the data points (Fig. 4A) . While positive mode illustrates many features well within the established limits, data acquired in negative ionization mode from the same room temperature experiment show more data points outside the limits (Fig. 4B) . For example, of the 336 data points 37 (11.0%) do not meet the three standard deviations of the C 13 /N 15 labeled standard limits in this ionization mode. Of these data points, only 7 features have all the corresponding data points within the 3 standard deviation limits (Fig. 4B) . The greater number of features outside the established limits in negative ionization mode seems to arise from more stringent limits. For instance, the standard deviation limits in positive mode for the room temperature experiment are more than twice the limits of negative mode for the same experiment ( ± 0.673 in positive, ± 0.293 in negative). Furthermore, although the negative mode RT data has values outside the limits, only four data points have a greater than two-fold change, i.e., log 2 fold change greater than one or less than negative one. These results suggest excreted sweat is stable when stored at room temperature for up to 90 min although more divergence is observed in the negative mode data. Collectively, these data illustrate sweat has minimal reactivity and changes to the global metabolome when stored at elevated or room temperatures for up to 90 min.
Sweat stability: untargeted metabolomics
Discussion
As the medical, athletic, and civilian communities push toward more real-time, on-demand, personalized performance monitoring, novel non-invasive biological materials must be explored to fit this need. Additionally, from these novel sources, new markers of physiological, biological, and cognitive states must be evaluated. While sweat provides a unique and non-invasive source to meet these goals, many basic experiments must be performed prior to large scale discovery efforts using excreted sweat. For example, the literature has reports of sweat collection times ranging from 10 min to 211 min [6, 9, 26] . 0.81, 102.0661  0.95, 140.0534  0.96, 139.0499  1.00, 114.0661  1.08, 104.1068  1.21, 151.1156  1.23, 164.1279  1.26, 86.0963  1.36, 187.0574  1.40, 150.1123  1.55, 127 C /N 3σ ± 0.631 13 15 C /N 2σ ± 0.421 13 15 C /N 3σ ± 0.559 13 15 C /N 2σ ± 0.373 However, it is unclear if there is metabolomic reactivity during the collection period. To address this gap, data was provided to establish the stability of sweat at elevated temperature to simulate reactivity during collection, and at room temperature to simulate sample handling. Overall, the results illustrate sweat is unreactive at both storage conditions for up to 90 min, suggesting extended collection times can be used without degradation of the sample. Lengthy collection times will allow for many interesting studies such as generating bulk sweat for multiple analyses from a single sample or time-course samples over the duration of a long exercise, pushing discovery within this medium to new levels. While this study has addressed a gap in sample collection and handling, many gaps still persist. First, this study utilizes a small group of participants to demonstrate sweat stability. Ideally a greater number of diverse participants would benefit the study. However due to limitations outside our control, participants were limited both in number and to male active duty military members. Therefore, children, the elderly, and female participants were not included in this study. While the literature suggests potential differences in sweat analyte abundance among these groups, it is not anticipated that sweat would illustrate a high rate of metabolomic degradation, but these experiments still need to be completed [27] . Next, the data presented in Fig. 1 show variability among individuals and also within an individual with different storage conditions. While stored at different temperatures, it is hypothesized that the differences among individuals observed between the two sampling events shown in Fig. 1 , is a result of the variable physiological state of the individual on any given day i.e. sweat rate, hydration status, etc., rather than due to storage condition. However, additional experimentation is required to accurately evaluate this hypothesis. Although methods exist to accurately estimate sweat rate, such as the whole body wash down method, these methods evaluate global sweat rates of an individual [28] . As sweat rates at specific places on the body are not uniform, localized sweat rate at the site of collection needs to be accurately measured [29] . However, this determination has proven difficult [9] . Recent advances in wearable technologies may hold the key for this long sought-after measurement [30, 31] . Finally, beyond localized sweat rate, other considerations must be explored. For example, while it was recently shown that the sweat metabolome is similar when collected from stimulation with pilocarpine, heat, or exercise, it remains unclear if metabolomic stability is affected by these C /N 3σ ± 0.673 13 15 C /N 2σ ± 0.449 13 15 C /N 3σ ± 0.293 13 15 C /N 2σ ± 0.196 13 other stimulation methods [14] . Additionally, it is unknown what impact hygiene and bacteria on the skin surface have on sweat analyte content. Furthermore, questions still persist regarding impact of diet on sweat metabolomic content. These experiments must be addressed for sweat to become a viable means of monitoring human performance. Finally, as other fields have realized, field-wide standardized collection procedures are critical for comparison of data across labs and, ultimately, true biomarker discovery. For example, elevated exhaled nitric oxide (NO) has been well characterized in asthmatics resulting in the American Thoracic Society establishing standardized sampling procedures for NO [32] . Standardized sampling has allowed for utilization of this marker of treatment response within this clinical group [33] . Without defined sample collection parameters, it would be nearly impossible for widespread use of NO as a non-invasive biomarker in asthma. A similar approach must be adopted to use sweat for biomarker discovery. For instance, the literature supports more than seven different sweat collection methods, from skin pouches to catching drips, and at least four different approaches, mostly centered around gravimetric methods, to estimate sweat rate [5] [6] [7] [8] [9] [10] [11] [12] 14, 16, [26] [27] [28] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] . This large diversity can only confound results among labs. As sweat continues to progress for biomarker discovery, such issues must be experimentally evaluated and standardized across all facets of sample collection.
Conclusions
While correlations of blood metabolites to human performance have been shown, unpacking a similar link between sweat analytes and performance has proven difficult. Correlations between sweat analytes and human performance can only be accomplished if the factors influencing sample collection and handling are investigated in a rigorous manner. In this manuscript, sample handling at two distanced temperatures was investigated by LC-MS. The data demonstrates, by targeted analysis, a large dynamic range exists among amino acids from excreted sweat. Furthermore, the results show the variability among individuals and within an individual, supporting the need for accurate, localized measurement of sweat rate. An untargeted metabolomics approach demonstrates minimal metabolomic reactivity of excreted sweat at two distinct temperatures. Overall these data give support for longer sample collection protocols and room temperature sample handling without detrimental effects to samples, expanding the possibilities of biomarker discovery from this biological medium.
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